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A B S T R A C T
Sustainable intensification of livestock production systems has become a global demand. In silvopastoral sys-
tems, contrasting shading levels caused by the presence of trees interferes in the productive responses of the
pasture under grazing. The environment in which plants develop in a pasture canopy is dynamic and complex
due to the nature of soil-plant-animal interactions. These dynamic aspects can be rationalized, evaluated, and
explained using mathematical modeling. The objective of the present study was to parameterize the APSIM-
Tropical Pasture model to simulate palisadegrass [Brachiaria brizantha (Hochst A Rich) Stapf, syn. Urochloa
brizantha] growth under continuous stocking and variable stocking rate, in a full sun system and in contrasting
shading conditions of a silvopastoral setting with eucalyptus (Eucalyptus grandis W. Hill ex Maiden × Eucalyptus
urophylla S. T. Blake). Trees were planted in triple-row groves, with three groves per 2-ha silvopasture area. The
spacing between groves was 30 m, and tree density was 135 ha−1, in East-West orientation. The data used to
calibrate and validate the model were collected in a 36-month experiment with full sun and shade treatments of
the silvopastoral setting in Sinop, MT, Brazil. Live forage mass estimates had coefficient of determination varying
between 0.76 and 0.94, Willmott agreement index ranged from 0.93 to 0.96, and root mean square error be-
tween 275 and 610 kg DM ha−1. The APSIM-Tropical Pasture model can simulate Marandu palisadegrass growth
under continuous stocking with variable stocking rate, but improvements are needed to better simulate the effect
of N fertilizations in different periods on growth. The model can simulate pasture growth under shading levels
but our simulations did not consider competition for soil moisture, which should be considered in the future,
since it can be an important factor for other silvopastoral designs or microclimatic conditions.
1. Introduction
Brazil is a tropical country with a great potential for livestock
production. However, the physiological and productive responses of
forage plants are constantly impacted by soil moisture deficit, reduced
soil fertility, and often inadequate temperature and solar radiation in-
cidence (Zhu et al., 2008). Well planned silvopastoral (SP) systems can
not only be productive and economically viable, but also contribute to
sustainable livestock production in Brazil (Paciullo et al., 2017; Pontes
et al., 2018; da Pontes et al., 2016). Such systems have become a
promising land use option to intensify animal production, due to the
potential benefits that the synergism between pastures and trees can
provide to grazing animals. Climatic variability can be minimized in SP
systems, favoring livestock production with tree production in the same
area (Paciullo et al., 2017). These systems are known to be complex and
dynamic, making the choice of forage and animal species, as well as
tree arrangement an essential aspect in determining forage yield
(Carvalho et al., 2019; Gomes et al., 2020a).
‘Marandu’ palisadegrass is a perennial forage grass released by
Embrapa in 1984, and is currently grown to approximately 44% of the
115 million ha of cultivated pastures in Brazil (Pereira and Costa,
2015). The main characteristics of Marandu palisadegrass are tolerance
to reduced soil fertility and spittlebugs [Deois flavopicta (Stal., 1854),
Notozulia entreriana (Berg) and Mahanarva spectabilis (Distant)], and
great forage production potential with good nutritive value (Nunes
et al., 1984). This grass has been one of the most studied forages in
Brazil to identify pasture and animal responses to different manage-
ment strategies (Braga et al., 2007).
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Without limiting climatic conditions, pasture performance is influ-
enced by factors such as soil fertility (Pontes et al., 2018; Yasuoka et al.,
2017), defoliation management (Silva et al., 2016; Baldissera et al.,
2016; Gomes et al., 2019), and pest attack (Paraiso et al., 2019). When
factors such as soil moisture, nutrient availability, and management do
not limit forage growth in SP systems, solar radiation is a strong de-
terminant of the attributes of the pasture canopy (Nascimento et al.,
2019; da Pontes et al., 2017), and can explain forage production
(Christophe et al., 2006; Lopes et al., 2017; Peri et al., 2007; Peri et al.,
2005; Gomes et al., 2020b).
The use of mathematical models has emerged as an option for the
planning of agricultural systems in different environments (Moreno
et al., 2014; Tonato et al., 2010) or microenvironments, such as in SP
systems (Bosi et al., 2020). To do so, these models must be successfully
parameterized (Araujo et al., 2013; Pezzopane et al., 2018). When well
calibrated, mechanistic models can consider the factors that affect
productivity and are able to generate responses of universal scope
(Andrade et al., 2015). These models require more input variables,
especially related to soil, climate, and crop management than the em-
pirical or simple models (Holzworth et al., 2014). This has advantages
over other types of models because they can be used efficiently in
planning and decision-making, in the implementation and management
of pastoral systems, agroclimatic zoning, crop projections, etc. (Holz-
worth et al., Pontes et al., 2018).
The “Agricultural Production Systems sIMulator” (APSIM) was devel-
oped in the 1990s as a software system for simulating agricultural crop
production (Holzworth et al., 2018). Developed by the Agricultural
Production Systems Research Unit (APSRU) in Australia, it is a modular
and biophysical modeling system capable of simulating the growth of
more than 30 crop species, as well as interconnected processes of soils,
trees, pastures and annual and perennial crops (Holzworth et al., 2014).
These factors in the model allow the identification of management
practices in agricultural systems, crop adaptation mechanisms to cli-
mate change, and competition for edapho-climatic resources in agro-
forestry systems, among other factors. The APSIM-Tropical Pasture
model has been developed and parameterized for full sun (FS) and SP
systems by Bosi (2017). Such study showed that growth of ‘Piatã’ pa-
lisadegrass can be simulated under rotational stocking and contrasting
shading conditions. However, simulations of forage growth under
competition for natural resources, such as soil moisture and solar ra-
diation, should be tested and improved for different managements, and
forage species and cultivars.
In recent years, several mechanistic models have been
parameterized for simulation of tropical forage species in Brazil. The
CROPGRO-Perennial Forage model was used in modeling growth of
palisadegrass cultivars such as ‘Xaraes’ (Pedreira et al., 2011), ‘Mar-
andu’ (Pequeno et al., 2014), BRS ‘Piatã’ (Bosi et al., 2020), as well as
for estimating growth of guineagrass (Megathyrsus maximus) cv. Tan-
zânia (Lara et al., 2012); bermudagrass (Cynodon spp.) cv. Tifton 85
(Pequeno et al., 2017) and the brachiariagrass hybrid ‘Mulato II’
(Pequeno et al., 2017). The STICS model was parameterized for Piatã
palisadegrass (Santos, 2016); the APSIM-Growth for Mombaça gui-
neagrass (Araujo et al., 2013); the APSIM-Lucerne for switchgrass
(Panicum virgatum L.) (Ojeda et al., 2017), the APSIM-Sugarcane for
Miscanthus (Miscanthus x giganteus) (Ojeda et al., 2017), and the APSIM-
Tropical Pasture for Piatã palisadegrass (Bosi, 2017).
The objective in the present study was to parameterize the APSIM-
Tropical Pasture model to simulate Marandu palisadegrass growth
under continuous stocking with variable stocking rate, in a full sun
system and in contrasting shading conditions (SP systems). The hy-
pothesis was that the APSIM-Tropical Pasture model previously cali-
brated by Bosi (2017), can accurately simulate forage growth of Mar-
andu palisadegrass pastures in a full sun system and in contrasting
shading conditions of a silvopastoral setting.
2. Material and methods
2.1. Field experiment
A field experiment was conducted at Embrapa Agrossilvipastoril in
the city of Sinop, state of Mato Grosso, Brazil (11° 51′ S, 55° 35′ W,
365 m a.s.l.) from June 2015 to April 2018 Pereira and Costa, 2015 to
April 2018, and according to ethical standards approved by the Animal
Ethics Committee (Protocol n° 008/2015). The location has a monsoon
Am (Köppen) climate, with a rainy season from October to April, and a
dry season from May to September (Alvares et al., 2013) and average
temperatures ranging from 25 to 26 °C, between these seasons. The
experiment was established in the 2011/2012 rainy season in a Rhodic
Hapludox soil (Ditzler et al., 2017), with gently sloping landscape
(Magalhães et al., 2018). The soil texture was characterized by 28%
sand, 16% silt and 56% clay.
The four forage-based systems evaluated were a “full sun” (FS) grass
monoculture pasture and three SP systems with Eucalyptus urograndis
clone H13, all using Marandu palisadegrass as the pasture component.
In the SP setting, there were three groves of eucalyptus trees per 2-ha
experimental unit (Fig. 1). Each grove consisted of three rows of trees,
Fig. 1. Experimental unit of the silvopastoral setting with the representation of the evaluation sites. Each distance from the grove characterizes an SP “system”.
F.J. Gomes, et al. Agricultural Systems 184 (2020) 102876
2
and the distance between groves was 30 m. Trees were planted in
East–West rows with an intra-row spacing of 3 m between trees and an
inter-row spacing of 3.5 m (270 trees ha−1). In October 2016, the tree
density was reduced (pruning and thinning) to 135 trees ha−1 in order
to reduce excessive shading. The trees were 19 m tall and trunk diameter
was 17.6 cm at the start of the experiment (Magalhães et al., 2018).
Before the experiment started pastures were periodically harvested
mechanically from October 2013 to February 2015 Pereira and Costa,
2015. From February to June 2015 Pereira and Costa, 2015 the pastures
were intermittently grazed by beef heifers (Bos taurus indicus), with
rotational stocking and fixed stocking rate. From June 2015 to March
2018 Pontes et al., 2018 (experimental period), pastures were con-
tinuously stocked with variable stocking rate by Nelore steers with
average body weight of 385 kg in order to keep canopy height at
30 ± 5 cm. The pastures were fertilized with 50 kg N, 42 kg K2O and
18 kg P2O5 ha−1, in the form of urea, KCl and single superphosphate,
respectively, in November 2015, Pereira and Costa, 2015, November
2016, February 2017, and January and March 2018. Pontes et al., 2018.
The microclimate effects on pasture production were studied in four
treatments, corresponding to the FS plus three mimicked SP systems
corresponding to three levels of shading, which were generated by three
distances/directions from the eucalyptus grove in the SP setting: 7.5 m
from the North face (SP1), 15 m (SP2) and 7.5 m from the South face
(SP3). An average value was obtained for the 15-m distance from the
North and South faces of the groves, because this distance was con-
sidered the SP2 treatment (Fig. 1).
The experimental period was from 1 June 2015 to 16 April 2018.
Pereira and Costa, 2015 to 16 April Pontes et al., 2018. The experiment
comprised three experimental periods: Period 1 from June 2015 to May
2016 Pereira and Costa, 2015 to May 2016, Period 2 from June 2016 to
May 2017, and Period 3 from June 2017 to April 2018 Pontes et al.,
2018. Weather reference data were obtained from a weather station
located 500 m from the experiment site on a palisadegrass pasture.
Rainfall in Periods 1, 2, and 3 was 1293, 2136, and 1762 mm, re-
spectively. The water balance (Thornthwaite and Mather, 1955) was
calculated considering 40 mm of available water capacity (AWC,
Fig. 2).
To characterize the microclimate, one weather station was installed
at the center of an FS experimental unit, and four in the SP setting, at
the 7.5- and 15 m-distances, on the North and South face (Fig. 1). In
each weather station, every 10 s, a model PQS 1 quantum sensor (Kipp
& Zonen, Delft, Netherlands) measured photosynthetically active
radiation (PAR), a HC2-S3 thermo-hygrometer (Rotronic, Bassersdorf,
Switzerland) registered mean air temperature (AT) and relative hu-
midity (RH), and an ultrasonic anemometer (Windsonic, Gill, Ly-
mington, Hampshire, UK) measured wind speed (WS). Total incoming
solar radiation was also measured with a pyranometer (Li-200X, Li-Cor,
Lincoln, Nebraska, USA), in a weather station under full sun on a pa-
lisadegrass pasture approximately 500 m from the experiment. The
quantum sensors were installed 2 m and the other sensors 1.7 m above
the soil surface. All the sensors were connected to a CR3000 datalogger
(Campbell Scientific, Logan, Utah, USA), which recorded 15-min
averages, maximum, and minimum values. The measurements were
taken throughout the experimental period to calculate daily total PAR
and daily average AT, RH and WS (Table 1).
For soil moisture measurements, five plastic tubes (0.05 m of in-
ternal diameter and 0.5 m length) were installed vertically, one in FS
system, and four at each SP system (Fig. 1), to allow the access of a
portable capacitance probe (Diviner 2000, SENTEK Pty Ltd., Stepney,
SA, Australia) to different soil depths. These measurements were taken
at least once in each season, measuring soil moisture every 0.1 m until
0.4 m depth.
In October 2016, soil fertility was assessed for FS and for the SP
setting. Soil samples were collected randomly at 0–10 cm depth and the
results for the FS and SP areas, respectively, were: pH in CaCl2 = 4.6
and 4.8, organic matter = 23.1 and 25.6 g dm−3, P = 1.9 and
4.6 mg dm−3, Ca = 0.9 and 1.2 cmolc dm−3, Mg = 0.4 and 0.5 cmolc
dm−3, K = 0.06 and 0.05 cmolc dm−3, H + Al = 6.4 and 5.9 cmolc
dm−3, sum of bases = 1.4 and 1.9 cmolc dm−3, cation exchange ca-
pacity = 7.8 and 7.8 cmolc dm−3, base saturation = 17.8 and 23.7%.
Live forage mass (LFM) accumulated was quantified in 35 growth
cycles, each 28 days during the rainy seasons and each 56 days during
the dry seasons, using the paired-cage technique (Klingman et al.,
1943). Forage inside cylindric exclosure cages (0.64 m2 area and 1.1 m
height) was clipped at soil level at the end of each cycle. The cages were
installed at the beginning of each cycle, at four representative sites per
experimental unit in the FS. In the silvopastoral setting, cages were
systematically distributed along transect lines perpendicular to the
grove. Four cages were placed on the North face and four on the South
face of the central grove of trees, with two cages at 7.5 and other two at
15 m from the tree groves (Fig. 1). When the cages were installed,
forage was clipped outside the cages, in a site with forage character-
istics visually similar to that inside the cage, to represent the initial LFM
(stubble). Forage samples were dried at 55 °C in a forced-air dryer until
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constant weight and weighed. From the samples collected in the FS and
in each SP system (distance), one subsample was taken to determine the
dry matter (DM) concentration, and in one representative regrowth
cycle of each season (Summer, Autumn, Winter, and Spring), a second
subsample was taken to characterize plant-part composition (leaf blade,
stem + leaf sheath, and dead material). Cage placement was changed
each cycle so that the accumulated forage carried the effect of con-
tinuous stocking up until a site was caged.
The green leaf area of the subsample was measured using a model
LI-3100 leaf area meter (Li-Cor, Lincoln, Nebraska, USA) to calculate
the specific leaf area (SLA) and leaf area index (LAI). Specific leaf area
was calculated using the green leaf area and the dry weight of the green
leaves. The LAI was calculated by dividing the green leaf area of the
sample by the 0.64-m2 sampling area.
During experimental Period 3, the incidence of spittlebugs was mon-
itored in each experimental unit. In all systems, this was assessed at four
locations, randomly, two on the south side and two on the north side of the
tree lines. This was done by counting the number of nymphs and foams of
spittlebugs inside a 0.5-m2 (1.0 m × 0.5 m) frame. Evaluations were made
about every 14 days when the population of nymphs and foams was low,
and every seven days when an increase in population was identified. When
the population achieved 25 nymphs m−2 or greater, N-[3-[(2-Chloro-1,3-
thiazol-5-yl)methyl]-5-methyl-1,3,5-oxadiazinan-4-ylidene]nitramide +
(R)-α-cyano-3-phenoxybenzyl (1S,3S)-3-[(Z)-2-chloro-3,3,3-trifluoro-
propenyl]-2,2-dimethylcyclopropanecarboxylate and (S)-α- cyano-3-
phenoxybenzyl (1R,3R)-3-[(Z)-2-chloro-3,3,3-trifluoropropenyl]-2,2- di-
methylcyclopropanecarboxylate and/or a biological agent [Metarhizium
anisopliae (Metsch.)] were applied at 300 mL ha−1 and 0.5 kg ha−1, which
happened on 31 November 2017, 13 January 2018 Pontes et al., 2018, and
7 March 2018 Pontes et al., 2018. After application, population of nymphs
was monitored every seven days to verify the reduction in the infestation.
2.2. Model calibration
Because the APSIM-Tropical Pasture model had not been previously
parameterized for Marandu palisadegrass, the first step was to calibrate
it for this forage cultivar. For this, the data from the first two experi-
mental years (from June 2015 to June 2017 Pereira and Costa, 2015 to
June 2017), totaling 24 growth cycles in cages, were used. The para-
meterization of Bosi (2017) for Piatã palisadegrass was used as a re-
ference for the calibration.
Before initiating the calibration, the standard SLA (SLA under no
limiting conditions) was determined based on data collected in the field
experiment and considered the reference value for the period without
soil moisture deficit (December 2015 to April 2016 Pereira and Costa,
2015 to April 2016, and October 2016 to May 2017). During the sub-
sequent calibration, this standard SLA was the first parameter changed.
Base temperature (Tb) for growth, canopy light extinction coefficient
(k) and whole plant radiation use efficiency (RUE) were changed ac-
cording to the values proposed by Pezzopane et al. (2018) for Marandu
Table 1
Average air temperature (AT) and wind speed (WS), and monthly total incoming solar radiation (SR) at the full sun pasture and at the distances 7.5 m from North face
(SP1), 15 m (SP2), and 7.5 m from South face (SP3) of tree groves in the silvopastoral system.
Ta Varb Perc Month
Jun. Jul. Aug. Sep. Oct. Nov. Dec. Jan. Feb. Mar. Apr. May
FS AT (°C) 1 25.2 25.1 26.5 28.4 28.4 27.8 27.4 26.2 27.5 26.9 26.7 26.6
2 25.1 24.9 26.1 26.3 27.2 26.8 25.9 26.1 25.8 26.4 26.3 26.5
3 24.6 23.4 26.7 27.5 27.1 26.4 25.5 26.1 25.9 26.3 25.9 –
SR (MJ m−2 month−1) 1 541 553 639 604 663 586 723 499 612 611 735 677
2 597 667 658 621 643 599 570 589 477 594 540 597
3 621 661 720 607 583 547 521 614 480 549 534 –
WS (m s−1) 1 1.7 1.8 2.1 2.0 2.0 1.7 1.5 1.7 1.5 1.4 1.4 1.3
2 1.5 1.7 1.9 1.8 1.6 1.7 1.5 1.4 1.7 1.3 1.2 1.2
3 1.5 2.0 1.8 2.0 1.8 1.6 1.6 1.5 1.7 1.4 1.3 –
SP1 AT (°C) 1 25.5 25.6 27.6 29.4 29.1 28.2 27.6 26.5 28.1 26.9 26.8 26.8
2 25.3 25.6 26.6 26.5 27.9 27.1 25.9 26.4 26.3 27.0 26.8 27.2
3 25.7 24.5 27.8 28.3 27.6 26.8 25.7 26.2 26.2 26.7 26.6 –
SR (MJ m−2 month−1) 1 444 406 592 567 626 480 493 406 435 446 735 676
2 597 667 657 621 574 531 512 527 437 580 540 598
3 621 660 719 600 533 351 462 533 431 527 516 –
WS (m s−1) 1 1.0 1.3 1.1 0.9 1.0 0.9 0.9 0.7 0.9 0.8 0.9 0.9
2 1.1 1.2 1.3 1.5 1.2 1.3 0.9 0.8 0.8 0.8 0.6 0.5
3 0.7 1.1 1.1 1.4 1.3 1.4 1.0 0.8 0.9 0.8 0.4 –
SP2 AT (°C) 1 25.5 25.6 27.3 29.2 29.1 28.3 27.8 26.3 26.2 26.9 26.8 27.0
2 25.3 25.6 26.6 26.5 26.6 27.0 25.9 26.5 28.0 27.0 26.8 26.8
3 25.4 24.2 27.4 28.2 27.6 26.9 25.7 26.3 26.2 26.6 26.9 –
SR (MJ m−2 month−1) 1 444 406 614 585 636 585 710 499 612 611 735 676
2 597 667 657 621 642 591 570 586 476 595 531 552
3 519 577 673 594 583 537 515 598 482 549 534 –
WS (m s−1) 1 1.0 1.3 1.1 1.0 1.1 1.0 0.8 0.7 0.9 0.8 0.9 0.9
2 1.1 1.2 1.3 1.5 1.2 1.4 1.0 0.9 1.0 0.9 0.8 0.7
3 1.0 1.5 1.4 1.6 1.3 1.1 1.0 0.9 1.0 0.9 0.6 –
SP3 AT (°C) 1 25.5 25.6 27.0 29.1 28.8 28.2 27.8 26.5 28.0 26.6 26.8 26.8
2 25.3 25.6 26.6 26.5 27.5 27.0 25.9 26.3 26.1 26.6 26.7 27.0
3 25.4 24.3 27.3 28.0 27.5 26.8 25.7 26.2 26.1 26.4 26.2 –
SR (MJ m−2 month−1) 1 444 406 415 564 663 579 722 468 464 474 699 642
2 567 632 626 588 611 582 558 589 470 530 522 552
3 492 453 543 492 555 546 521 614 479 490 438 –
WS (m s−1) 1 1.0 1.3 1.2 1.0 1.2 1.2 1.0 1.0 1.0 0.9 0.9 0.9
2 1.1 1.2 1.3 1.5 1.2 1.3 1.0 0.9 1.0 0.9 0.8 0.7
3 1.0 1.5 1.4 1.6 1.3 1.1 1.1 1.0 1.2 1.0 0.6 –
a T, treatment.
b Var, variable.
c Per, period 1: June 2015 to May 2016; 2: June 2016 to May 2017; 3: June 2017 to April 2018.
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palisadegrass (10.6 °C, 0.659 and 2.06 g MJ−1 of PAR, respectively).
The APSIM-Tropical Pasture model considers RUE calculated using total
incoming solar radiation, so it was necessary to multiply the value
obtained from Pezzopane et al. (2018) by 0.5, considering that 50% of
total incoming solar radiation is PAR (Monteith, 1972). From our data,
it was not possible to determine the optimal temperatures (TO1 and
TO2) and the maximum temperature (Tm) for growth, since the max-
imum average temperature in field conditions during the experimental
period was 26.2 °C. Thus, we used the values of TO1, TO2 and Tm from
Pequeno et al. (2014) (30.2 °C, 40 °C, and 45 °C, respectively) for the
same grass cultivar. The partitioning and senescence parameters were
calibrated manually in a trial and error process to achieve the best
possible estimates in relation to the observed data. This was because
Bosi (2017) observed that partitioning and senescence differ between
cut-and-carry and rotational stocking managements, and so we pre-
sumed that these parameters could be different also for continuous
stocking. The other parameters were kept the same as those calibrated
by Bosi (2017) for Piatã palisadegrass.
Forage growth was simulated for the FS system and for each SP
system (i.e., each distance/direction from the groves) by editing the
weather files, which consisted of adding the values of incoming solar
radiation, maximum and minimum temperature, relative humidity, and
wind speed, from each position, for their respective simulations.
Incoming solar radiation was estimated by multiplying the values of
PAR transmissivity at each distance/position from the grove by the
incoming solar radiation measured under FS condition. The PAR
transmissivity was calculated by dividing PAR measured in each posi-
tion by PAR measured in the FS. Competition for soil moisture was not
considered in the simulations because the model, in its current form, is
not able to simulate competition for solar radiation and soil moisture
together.
The pasture management practices (sowing, fertilization, and
grazing) were specified through the APSIM management script (Moore
et al., 2014). The LFM and plant part composition of the stubble at the
beginning of each regrowth cycle were added to the simulations using
the cutting management module of APSIM-Tropical Pasture (Bosi,
2017). The LFM and plant part composition of the stubble at each po-
sition were considered equal to the mean LFM measured outside their
correspondent cages. The data of LFM sampled inside the exclosure
cage was considered the final (accumulated) LFM of each regrowth
cycle.
The soil characteristics, permanent wilting point (lower limit or
PWP), and field capacity (drained upper limit or FC) were calculated
using the soil moisture values measured during the experiment, fol-
lowing the method of Bosi et al. (2019). This assumed FC as the greatest
measured value of soil moisture (excluding excessively large values
obtained after heavy rainfall events) and PWP as the least soil moisture
after a long period without rainfall, when the pasture remained per-
manently wilted, without live plant parts above the soil. Soil AirDry
point was assumed to be 0.10 mm mm−1 less than PWP at the 0–20 cm
layer, and equal to PWP at the 20–100 cm layer. Saturation point (SAT)
was assumed to be 0.10 mm mm−1 greater than FC at all soil layers.
The Fraction of water above FC that drains per day (SWCON) was ca-
librated as 0.9. Soil bulk density was measured in each 0.1 m layer until
1 m depth. Initial nitrate, ammonium, organic carbon content and soil
pH were considered the same for all sampling sites. The initial nitrate
Table 2
Leaf and stem submodel parameters calibrated for Marandu palisadegrass under continuous stocking.
Parameter Unit Initial valuea Calibrated value
Whole plant RUE g MJ−1 1.44 1.03
Temperature factor (Ft) x: temperature (°C)
y: Ft value
x: 8.9, 30.2, 40.0, 45.0
y: 0.0, 1.0, 1.0, 0.0
x: 10.6, 30.2, 40.0, 45.0
y: 0.0, 1.0, 1.0, 0.0
Standard SLA x: Pasture age (years)
y: SLA (m2 g−1)
x: 0.0, 0.3, 0.7
y: 0.015, 0.018, 0.020
x: 0.0, 0.3, 0.7
y: 0.015, 0.018, 0.018
Pest factor on leaf growth x: n° nymphs m−2
y: Factor value
– x: 0.0, 25.0, 25.1, 50.0
y: 1.0, 1.0, 0.5, 0.5
Pest factor on stem growth x: n° nymphs m−2
y: Factor value
– x: 0.0, 25.0, 25.1, 50.0
y: 1.0, 1.0, 0.2, 0.2
a Values calibrated by Bosi (2017) for Piatã palisadegrass.
Table 3
Calibrated dry matter partitioning among the organs of Marandu palisadegrass
under continuous stocking at different stages of phenological development.
Phenological Phasec Partition fraction (0–1)
Initial valuea Calibrated value
Leaf Root Stem Leaf Root Stem
Vegetative 0.55 0.20 0.25 0.40 0.20 0.40
Vegetativeb 0.35 0.20 0.45 0.40 0.00 0.60
Reproductive 0.55 0.00 0.45 0.40 0.20 0.40
a Values calibrated by Bosi (2017) for Piatã palisadegrass.
b Regrowth after the dry season.
c Phenological phases were simulated according to the calibration of Bosi
(2017) for Piatã palisadegrass.
Table 4
Senescence parameters calibrated for Marandu palisadegrass under continuous stocking at different stages of phenological development.
Phenological phased Initial valuea Calibrated value
LRTc Root Stem LRTc Root Stem
Senescence rate (fraction d−1) Senescence rate (fraction d−1)
Vegetative 80 0.001 0.005 45 0.001 0.005
Vegetativeb 80 0.001 0.005 45 0.001 0.005
Reproductive 80 0.001 0.005 45 0.001 0.005
a Values calibrated by Bosi (2017) for Piatã palisadegrass.
b Regrowth after the dry period.
c Leaf residence time (LRT, days).
d Phenological phases were simulated according to the calibration of Bosi (2017) for Piatã palisadegrass.
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content of 86.5 kg ha−1, the initial ammonium content of 59.6 kg ha−1,
the initial organic carbon of 13.8 kg m−2, with 7.7 kg m−2 of this
carbon considered inert, were considered as standard values. The initial
pH was assumed to be 5.5 in the surface layer (0–20 cm) and 6.3 in the
deeper layer (20–100 cm), and the surface organic matter of
1000 kg ha−1, considering an established pasture (Bosi, 2017). The
“Leaching Control Tool” (Bosi, 2017) was also used to reduce nitrate
leaching by 95% in relation to the values originally calculated by the
model, which were considered excessive for the experimental condi-
tions.
2.3. Model validation
To validate the calibrated model, data collected during the experi-
mental Period 3 (June 2017 to April 2018, third year) were used.
During that period, 11 forage growth cycles were evaluated also using
cages. Because spittlebug infestations occurred in this period, damage
caused by this pest was considered in the model simulations. This was
done by creating the “pest factor”, which is a parameter that reduces
pasture growth when the population of spittlebugs is 25 nymphs m−2 or
greater. It was considered that the spittlebugs reduced pasture growth
up to 7 days after the application of the insecticide, due to the gradual
reduction of the population, so when the population dropped by 25
nymphs m−2 the effect ceased.
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Fig. 3. Relationship between estimated and observed live forage mass (LFM) of Marandu palisadegrass under continuous stocking in the full sun (FS) system and in
the SP systems (distances) (SP1: 7.5 m North, SP2: 15 m, and SP3: 7.5 m South), in the calibration of the APSIM-Tropical Pasture model for this cultivar. Circle
markers refer to the rainy period and triangles to the dry period.
Table 5
Statistical indexesa for the estimates of live forage mass (LFM), leaf mass (LM),
stem mass (SM) of Marandu palisadegrass under continuous stocking using
APSIM-Tropical Pasturemodel, in the full sun (FS) system and in the distances of
the SP systems (SP1: 7.5 m North; SP2: 15 m; and SP3: 7.5 m South), for the
calibration dataset.
Variable na R2 d NSE ME MAE RMSE
kg DM ha−1
FS
LFM 24 0.88 0.95 0.76 205 370 495
LM 24 0.83 0.94 0.75 115 240 305
SM 24 0.83 0.94 0.75 90 200 260
SP1
LFM 24 0.82 0.93 0.66 215 485 610
LM 24 0.90 0.95 0.77 95 195 240
SM 24 0.68 0.89 0.56 125 325 420
SP2
LFM 24 0.87 0.95 0.74 140 470 545
LM 24 0.89 0.95 0.77 60 215 255
SM 24 0.72 0.91 0.64 75 300 390
SP3
LFM 24 0.89 0.96 0.84 185 320 460
LM 24 0.87 0.96 0.83 90 180 250
SM 24 0.83 0.95 0.80 100 220 280
a n: number of observations; R2: coefficient of determination; d: Willmott
concordance index; NSE: Nash-Sutcliffe efficiency; ME: mean error; MAE: mean
absolute error; RMSE: root mean square error.
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Fig. 4. Time series of live forage mass (LFM) estimated and observed for Marandu palisadegrass under continuous stocking in the full sun (FS) system and at the
positions of the SP systems (SP1: 7.5 m North, SP2: 15 m and SP3: 7.5 m South), for the calibration dataset. Grey shaded areas indicate the dry period.
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2.4. Statistical analysis of model performance
Statistical indices were used to evaluate the performance of the
APSIM-Tropical Pasture for estimating LFM, leaf mass and stem mass of
Marandu palisadegrass in relation to the environmental conditions
considered. These indices were:
a) Linear regression between the observed (O) and estimated (E) values
of each variable and the respective coefficient of determination (R2),
which was classified as unsatisfactory (R2 ≤ 0.6), satisfactory
(0.6 < R2 ≤ 0.7), good (0.7 < R2 ≤ 0.8) and very good
(R2 > 0.8) (Bosi et al., 2020) and was an indicator of precision;
b) Agreement index (d), which quantifies the accuracy of the model
(Willmott, 1981) and was classified as unsatisfactory (d ≤ 0.75),
satisfactory (0.75 < d ≤ 0.85), good (0.85 < d ≤ 0.95) and very
good (d > 0.95), following the criteria of Bosi et al. (2020):
= +==d 1 (O E )(|E O| | O O |)i 1
n
i i 2
i 1
n
i i
2 (1)
c) Nash-Sutcliffe Efficiency (NSE), which describes the accuracy of the
model, and was classified as unsatisfactory (NSE ≤ 0.5), satisfactory
(0.5 < NSE ≤ 0.65), good (0.65 < NSE ≤ 0.75) and very good
(NSE > 0.75) (Moriasi et al., 2007):
= ==NSE 1 (E O )(O O)i 1
n
i i
2
i 1
n
i
2 (2)
d) mean error (ME) as an indicator of bias in the simulations:
= =ME 1n (E O )i 1n i i (3)
e) Mean absolute error (MAE) as an indicator of the difference between
the accurate value and the approximate value for the model:
= =MAE 1n E Oi 1n i i (4)
f) Root mean square error (RMSE) as a measure of the deviation of the
estimates in relation to the effective value:
= =RMSE 1n (O E )1 in i i 2 (5)
Model performance was visually assessed by comparing scatter plots
of estimated values against the x-axis vs. observed values against the y-
axis (Piñeiro et al., 2008). All the statistics were calculated separately
for the calibration and validation simulations.
3. Results
3.1. Model calibration
The standard SLA calculated for Marandu palisadegrass was
0.018 m2 g−1 (Table 2). The DM partitioning to leaf was less for the
vegetative and reproductive periods, but increased for the vegetative
period after the dry season. Partitioning to root was less for the vege-
tative period after the dry season, but increased for the reproductive
period. Partitioning to stem was greater for all vegetative stages but
decreased for the reproductive stage (Table 3). Of the senescence
parameters, only leaf residence time (LRT, the time between the ap-
pearance of a leaf and its senescence) was replaced for Marandu pali-
sadegrass, with a decrease from 80 to 45 days (Table 4). All the other
cultivar parameters were kept as calibrated by Bosi (2017) for Piatã
palisadegrass.
The analysis between the observed and estimated data for the FS
and SP systems resulted in indices that allow inferring that LFM and
plant-part composition were well estimated (Fig. 3, Table 5). The LFM
in the FS system was estimated with very good precision and good
accuracy (R2 = 0.83, d = 0.94 and NSE = 0.75), while the estimates at
the different shading levels (SP systems) showed very good precision
(R2 between 0.82 and 0.89), good to very good accuracy (d between
0.93 and 0.96 and NSE between 0.66 and 0.84) and small errors, with
values close to those observed for FS (Table 5). Leaf mass was estimated
with very good precision and good to very good accuracy (R2 between
0.83 and 0.90, d between 0.94 and 0.96 and NSE between 0.75 and
0.83) for all systems. Stem mass was estimated with very good precision
and good accuracy for the FS system (R2 = 0.83, d = 0.94 and
NSE = 0.75) and with good to very good precision (R2 from 0.68 to
0.83) and satisfactory to very good accuracy (d from 0.89 to 0.95 and
NSE from 0.56 to 0.80) for the SP systems (Table 5).
The time series of the observed and estimated data for the calibra-
tion dataset (Fig. 4), showed that the model was able to simulate LFM of
Marandu palisadegrass in all the conditions evaluated in our production
systems, such as periods with (cycles 1, 2, 3, 4, 14, and 15) or without
water deficit (cycles 5, 6, 7, 16, 17, and 18) and under full sun and
shaded pastures (Fig. 4).
3.2. Model validation
The pasture variables were well estimated for the validation dataset
(Table 6 and Fig. 5). In the FS system, LFM was estimated with
R2 = 0.94, d = 0.94, NSE = 0.67, ME = 140 kg DM ha−1,
MAE = 380 kg DM ha−1, and RMSE = 465 kg DM ha−1, which in-
dicates a good to very good performance of the model. Leaf mass es-
timates had good precision and very good accuracy (R2 = 0.80,
d = 0.96, NSE = 0.85). Stem mass was estimated with satisfactory to
good performance, except by the NSE index which had an un-
satisfactory value (−0.09) (Table 6). For the SP systems, the forage
mass estimates had good to very good performance (Table 6 and Fig. 5).
The estimates of leaf mass were satisfactory to very good with R2 be-
tween 0.65 and 0.85, d between 0.89 and 0.96, and NSE between 0.61
and 0.83, but the estimates of stem mass had unsatisfactory precision
(R2 between 0.28 and 0.59) and unsatisfactory values of d for SP3 and
Table 6
Statistical indexes a for the estimates of live forage mass (LFM), leaf mass (LM),
stem mass (SM) of Marandu palisadegrass under continuous stocking using the
APSIM-Tropical Pasture model in the full sun (FS) system and the silvopastoral
(SP) systems (SP1: 7.5 m North; SP2: 15 m; and SP3: 7.5 m South), for the
validation dataset.
Variable na R2 d NSE ME MAE RMSE
kg DM ha−1
FS
LFM 11 0.94 0.94 0.67 140 380 465
LM 11 0.80 0.96 0.85 −50 200 295
SM 11 0.71 0.83 −0.09 190 310 360
SP1
LFM 11 0.76 0.93 0.70 70 290 375
LM 11 0.65 0.89 0.61 −90 160 330
SM 11 0.59 0.81 0.21 165 220 260
SP2
LFM 11 0.93 0.96 0.78 180 220 305
LM 11 0.85 0.96 0.83 15 135 195
SM 11 0.56 0.78 −0.15 165 215 265
SP3
LFM 11 0.87 0.96 0.84 −40 225 275
LM 11 0.83 0.94 0.80 −100 175 255
SM 11 0.28 0.69 0 55 250 280
a n: number of observations; R2: coefficient of determination; d: Willmott
concordance index; NSE: Nash-Sutcliffe efficiency; ME: mean error; MAE: mean
absolute error; RMSE: root mean square error.
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of NSE for all the systems, indicating unsatisfactory accuracy (Table 6).
The pest factor, developed to consider the effect of spittlebugs on
pasture growth, improved the efficiency of the simulations for the va-
lidation dataset. The best adjustment of this parameter reduced leaf
growth in 50% and stem growth in 80% when the population of spit-
tlebugs was 25 nymphs m−2 or greater (Table 2). The time series of the
simulations for the validation dataset confirm that the pest factor was
efficient to simulate LFM under effect of spittlebugs, mainly in the cy-
cles 8 and 10 for the three positions of the SP system, which showed
spittlebug populations above the established limit (Fig. 6).
4. Discussion
The APSIM-Tropical Pasture model was able to simulate Marandu
palisadegrass growth under continuous stocking with variable stocking
rate, during rainy and dry seasons in FS pastures and in the SP systems.
This allows for several parameterizations to be generated for tropical
forage species in monoculture or with tree-shaded pastures, especially
under continuous stocking.
The simulations of forage growth had statistical results similar to
the best model parameterizations for palisadegrass available in the
literature (Bosi, 2017; Pedreira et al., 2011; Pequeno et al., 2017;
Pequeno et al., 2014). Our results for Marandu palisadegrass in
monoculture (Tables 5 and 6) were similar to those obtained by Bosi
(2017) for Piatã palisadegrass, both irrigated (R2 = 0.93; d = 0.98;
NSE = 0.91; ME = 280 kg DM ha−1; MAE = 495 kg DM ha−1 and
RMSE = 620 kg DM ha−1) and rainfed (R2 = 0.89; d = 0.97;
NSE = 0.88; ME = 45 kg DM ha−1, MAE = 495 kg DM ha−1 and
RMSE = 630 kg DM ha−1) using the same model. The results were also
similar to those obtained by Pedreira et al. (2011) for Xaraés palisa-
degrass (d = 0.84 and RMSE = 538 kg DM ha−1), by Pequeno et al.
(2014) for Marandu palisadegrass (d = 0.91 and 0.96 and RMSE = 464
and 523 kg DM ha−1) and by Pequeno et al. (2017) for Mulato II
brachiariagrass (d = 0.88 and 0.96 and RMSE = 619 and 532 kg DM
ha−1), using the CROPGRO-Perennial Forage model.
Considering only competition for solar radiation between trees and
the pasture, our simulations were satisfactory to very good (Tables 5
and 6), suggesting that competition for soil moisture and nutrients was
not important under the conditions of the study, at 7.5 and 15 m from
the tree groves. Our statistics were similar to those reported by Bosi
(2017) (R2 = 0.82; d = 0.92; NSE = 0.72, ME = −460 kg DM ha−1,
MAE = 625 kg DM ha−1 and RMSE = 770 kg DM ha−1). Using the
APSIM model, Smethurst et al. (2017) also obtained good to very good
simulations (R2 between 0.73 and 0.99; d between 0.90 and 1.00 and
NSE from 0.67 to 0.98) for maize yields in an agroforestry system and
Dilla et al. (2017) for maize biomass under various levels of artificial
shading (R2 between 0.94 and 0.95). The results of our study also in-
dicate that APSIM-Tropical Pasture is able to simulate pasture growth
under different tree population density, since the model estimates were
efficient before and after the tree thinning done in October 2016
(Figs. 4 and 6), which reduced tree population density from 270 to 135
trees ha−1.
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Fig. 5. Relationship between estimated and observed live forage mass (LFM) of Marandu palisadegrass under continuous stocking in the full sun (FS) system and in
the distances of the silvopastoral (SP) systems (SP1: 7.5 m North; SP2: 15 m; and SP3: 7.5 m South) in the validation of the APSIM-Tropical Pasture model for this
cultivar. Circle markers refer to the rainy period and triangles to the dry period.
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Fig. 6. Time series of live forage mass (LFM) estimated and observed for Marandu palisadegrass under continuous stocking in the full sun (FS) and in the silvopastoral
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Despite the satisfactory to very good results of our study, a few is-
sues were identified in the simulations. Overestimations were observed
for LFM in some of the cycles of the calibration dataset (Fig. 4), which
can be a consequence of not using a pest factor to consider damage
caused by spittlebugs during Periods 1 and 2. The use of this factor was
not possible for these simulations because the population of spittlebugs,
which is essential to simulate their impact on pasture growth, was not
monitored during those periods. In addition, the pest factor must be
better tested using more detailed data on the effect of spittlebugs on
pasture growth. The model also seemed to underestimate LFM during
some of the cycles of the dry periods, which may result from problems
in simulation of water deficit effect on pasture growth. In our study, N
fertilizations were scheduled for the wet season only, with one appli-
cation of 50 kg N ha−1 in Period 1 (50 kg N ha−1 yr−1) and two other
applications, each of the same amount, in Periods 2 and 3
(100 kg N ha−1 yr−1). APSIM-Tropical Pasture showed to be efficient to
simulate the effect of such N fertilizations on pasture growth. However,
the time when the fertilizations started (November for Periods 1 and 2,
and January for Period 3) influenced the efficiency of the simulations,
since stem mass was not well estimated for the validation dataset
(Table 6) due to overestimations for the cycles conducted between early
November 2017 and mid-January 2018 Pontes et al., 2018. This is
probably an effect of the delayed fertilization in Period 3 compared to
that in the periods used for model calibration (Periods 1 and 2), which,
associated with the simulation of nitrogen dynamics in APSIM, resulted
in inaccurate simulations of partitioning and stem growth in that cycles.
Most of the genotype parameters for Marandu palisadegrass were
kept the same as those for Piatã palisadegrass (Bosi, 2017) because
these are cultivars of the same grass species. However, some important
changes were made during our calibration (Tables 2, 3, and Table 4). A
pest factor to calculate the effect of spittlebugs on pasture growth was
added (Table 2), which may be a good tool for future simulations of
grasses that are susceptible to this pest (and many of them are in
Brazil). Leaf residence time, which controls the senescence of leaf mass,
was reduced from 80 to 45 days (Table 4). This may result from gen-
otypic differences between the cultivars but may also be influenced by
the stocking method. Pastures under continuous stocking managed at
relatively constant and lenient canopy heights (such as those of the
current study) are usually not defoliated (grazed) below the canopy
height, which allows the leaves in that stratum to complete their life
cycle and senesce. Conversely, pastures under rotational stocking
managed at severe grazing intensity (i.e., down to short stubbles, such
as in the study of Bosi, 2017) tend to have most of their leaves removed
during grazing, which makes leaf senescence smaller because they are
frequently removed by animals before they can complete their life
cycle. During the vegetative period, DM partitioning to leaf was de-
creased and increased to stem, which again can be impacted by geno-
typic differences and by the effect of continuous stocking in preserving
the vegetation below canopy height.
For Piatã palisadegrass under rotational stocking, partitioning was
strongly influenced by management and by phenological phases,
making calibration for the effects of flowering essential on these pro-
cesses (Bosi, 2017). In the present study, however, DM partitioning of
Marandu palisadegrass was not different between the vegetative and
reproductive periods, and differences were recorded only during the
regrowth following the dry season (Table 3). Pastures under continuous
stocking with control of canopy height (i.e., variable stocking rate),
suppressed the effect of flowering on DM partitioning, as there was
virtually no flowering, with the inflorescence proportion reaching a
maximum of 1% in the forage mass accumulated in Autumn. The dif-
ferences in DM partitioning during the regrowth after the dry period are
likely due to the recovery of the forage canopy that died during the dry
season, with partitioning decreasing to root and increasing to stem.
The good performance of our simulations with the APSIM-Tropical
Pasture is mainly due to the good quality of the experimental data and
to the flexibility of the model that allows adding specific functions.
Despite the results of our study, considering only competition for solar
radiation between trees and the pasture, competition for soil moisture
should be considered in future studies on SP systems, since it can be an
important factor for other SP designs or microclimatic conditions. This
can be solved by creating a capability to simulate the whole SP system,
with tree and pasture growth and the interactions between them and
with animals. Additionally, simulations of pastures under continuous
stocking can be improved by adding functions that simulate forage
losses (grazing efficiency), stubble mass and composition based on
stocking rate, partitioning and senescence under contrasting canopy
heights, N returns via animal excreta, and by improving the simulations
of N dynamics in APSIM.
5. Conclusions
The APSIM-Tropical Pasture model can simulate Marandu palisa-
degrass growth under continuous stocking with variable stocking rate.
But improvements are needed to better simulate the effect of N fertili-
zations in different periods on growth.
The model can simulate pasture growth under shading levels of SP
systems for the distances assessed in the present study, but competition
for soil moisture should be considered in the future, since it can be an
important factor for other SP designs or microclimatic conditions.
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